The motivation to calculate this empirical model resulted from often observing-at the time disconcerting-excess dinitrogen gas (N 2 concentration > background concentration) in bubble-gas emission samples, collected primarily for the purpose of carbon budget research, from Brazilian rivers and reservoirs sampled during roughly 100 field surveys lasting 4 days each on average and executed between years 2000 and 2012. We model the (serendipitously) measured dinitrogen gas above environmental concentration (N 2 aec) escaping in bubbles from Brazilian rivers as a function of dissolved nitrogen (N) in water. To this model, we mathematically add a pre-existing model of diffusively emitted denitrified dinitrogen (also as a function of dissolved N) from streams in the United States of America (USA). The resulting model predicts denitrified dinitrogen water-air emission from inland waters in the USA, China and Germany.
Introduction
Gases evade water bodies through the diffusive, ebullitive and advective pathways [1] [2] . Diffusive emissions of greenhouse gases (GHG) such as carbon dioxide (CO 2 ), methane (CH 4 ), and nitrous oxide can be directly measured using the concentration increase rate of these gases in the headspace of floating static chambers. The thin boundary layer method is also used [3] . However, floating static tice [11] possibly caused by sudden temperature and/or pressure gradients. Therefore, an inflexion in the diffusive emission of N 2 aec is expected when dissolved N concentration in water is as high as ~87 to 250 µmol/l. If a source of N 2 (such as denitrification) exists in the water, it will become increasingly unlikely that the N 2 thus produced will escape diffusively to the atmosphere and more probable that it will escape ebullitively. A "cat leap" realization led us to infer that, not only does the expected transition in the N 2 aec diffusive flux in N-saturated waters exist [12] but that, the N 2 aec diffusive emission is modeled fairly well [12] by either of two equations:
Alternatively:
Actually, Equations (1) and (2) ). Plots of saturation Equations (1) and (2) show how the rate of increase of diffusive denitrified N 2 emission with concentration undergoes an inflexion around roughly x = 87 to x = 232 µmol•N•l −1 [12] . These concentrations ) of dissolved N 2 , discussed above. Equations (1) and (2) . In practice, one order of magnitude higher diffusive emission rates have been measured [12] .
Given that diffusive emissions are limited to these maximum values one can expect an increasingly significant ebullitive pathway, especially if there is a source of N 2 (e.g. denitrification) in dissolved-N saturated waters. The penalty for disregarding N 2 aec (e.g. denitrified N 2 ) emitted in bubbles is that the fate of anthropogenic N will appear to be uncertain [13] [14] because nitrogen will seem to be "missing", in other words, not enough N output will be found to balance riverine N inputs and outputs. Several studies observed such imbalances [1] [11] [15] - [22] .
The purpose of this work is to model our findings of excess N 2 in ebullitive emissions, complement it with the existing diffusive denitrified N 2 models described above, and predict denitrified N 2 emissions from inland waters with available data on total dissolved N.
Materials and Methods

Studied Sites and Rivers
Between years 2008 and 2012, we investigated 131 sites distributed among four tropical and two sub-tropical rivers, all in Brazil ( Figure 1 ).
The geographic coordinates, depth, quantity of bubble-samplers (funnels) collectively deployed per site; surface water temperature and atmospheric pressure are in Table A1 . Land cover surrounding the surveyed river reaches range from tropical rainforest typically subjected to periodic floods, to heavily urbanized land.
The purpose was to measure CH 4 and CO 2 emissions. We studied stretches of the tropical rivers: Xingu (surrounded mainly by tropical rainforest), Tocantins (forest and grassland), Madeira (forest and grassland) and São Marcos (grassland and agricultural land). Also of highly impacted sub-tropical stretches of rivers Tietê and Pinheiros, both surrounded by São Paulo city. Physical and chemical parameters of the investigated reaches are in Table 1 .
We surveyed tropical rivers Xingu, Tocantins and Madeira along stretches located in the Brazilian Amazon, near Altamira, Marabá and Porto Velho cities, respectively. Due to agriculture, only 30% of tropical river São Marcos catchment's original cerrado (a savanna-type biome) remains. Tietê and Pinheiros rivers are both located in the upper Tietê River basin; their studied sites are on a sub-tropical reach within São Paulo, a city with 11 million inhabitants. São Paulo city's municipal disposal service collects 97% of total sewage generated and 75% is treated, but this treatment does not remove N compounds such as organic N, ammonium, nitrite and nitrate from the effluents discharged into the rivers [23] . References [6] and [25] discuss the design of the measurement campaigns.
closer to river shores and fewer funnels per site at sites closer to river thalwegs, because shallower sites tend to be more ebullitive [25] . Funnels collected ebullitive emissions for about 24 h, unattended, and then were retrieved. At funnel retrieval, transference of the collected ebullitive gas per site into one graduated vial permits total bubble-gas volume measurement. It was not of interest at the time to measure variability of bubble emission among the simultaneously deployed funnels within a same site. After volume measurement, an aliquot was transferred to a 37 ml glass ampoule (made by Construmaq São Carlos) and screw-capped. Bubble-gas sample harvest, total volume measurement and transference into glass ampoules were always done underwater (leaning over the boat), with no exposure of the bubble-gas samples to the atmosphere. Bubble-gas samples < 1.6 ml were discarded because, although sufficient for chromatographic analyses, they were insufficient for purging and transference. When sampling was done for the day and the boat returned to shore, the glass ampoules containing the samples were immediately taken to our field portable-laboratory for chromatographic analysis.
Bubble-Gas Sample Transference into a Syringe
In the laboratory, bubble-gas was transferred from the glass ampoule into a syringe (BD Ultra-fine TM 12.5 mm needle-length, purchased over the counter) using a 0.6 ml volume transfer equipment. This equipment consisted of 50 cm length tubing and a glass bulb, previously purged with sample. Tubing consisted of stainless steel tube 1. 
Chromatographic Analyses
Samples were chromatographically analyzed for CH 4 and CO 2 , within the first 24 hours after being harvested. Oxygen and N 2 peaks elute from the Molecular Sieve chromatographic column prior to methane's (peak area is proportional to gas concentration). The O 2 peak is in fact an O 2 +Ar peak because these two gases elute together; chromatograms showed them as one combined peak. We used a Molecular Sieve 5A filled stainless steel chromatographic column of 3.2 mm (OD) × 1.6 mm (ID) × 1.95 m length and a thermal conductivity detector (TCD) chromatograph manufactured by Construmaq São Carlos. Carrier gas was hydrogen (H 2 ). Injector, column and detector operated at room temperature. Samples were injected by hand using the BD syringe mentioned above. Injected gas volumes were 0.1 milliliter (100 µl). Variability (average ratio of standard deviation divided by average peak area of 3 peaks) was ± 1.5% O 2 and ± 1.2% N 2 . Detection limits were 0.5% O 2 and 1% N 2 . Oxygen and Ar elute together from the Molecular Sieve 5A column as one combined peak, followed by the N 2 peak and CH 4 peak. Reference [27] briefly mentions that 5% of the O 2 +Ar peak is Ar.
N2aec Bubble-Emission Calculation Method
Consider data from the third line of data in 6.0%N aec 520 ml 0.0312 l 100% 1000 ml l
Emitted N 2 aec-N mass, in bubble sample was: 
Variability is 1.9% ( ) 
Results
All six sampled rivers were sources of ebullitive N 2 aec (Table A1 , Appendix). Two out of the 131 collected samples lacked data (e.g. bubble emission volume data) to calculate emission; even so, those 2 samples were chromatographically analyzed (Table A1(b) and Table A1 (d)). From the 129 ebullitive emission samples which provided N 2 emission rates, 19 had insufficient volume (<1.6 ml) for transfer-tube purging and chromatographic analyses and were labeled "zero emission" (Table A1 (a) and Table A1 (b)). Thirty-eight samples had sub-environmental N 2 concentrations (Tables A1(a) - (d)). These 38 samples resulted in negative emission rates of N 2 aec. They were also considered "zero emission", for the purpose of N 2 aec emission quantification. Therefore, less than half (44%) of the 129 samples yielded zero N 2 aec ebullitive emission either because of too small sample volume or due to a negative emission result. Table 2 summarizes bubble emission measurement results.
Ebullitive N2aec Emission Model
Ebullitive N 2 eac emission increased with dissolved (reactive + inert) N concentration in water ( Figure 2 ). Using median emission rate per river (Figure 2 ), the ). As bubble growth is a function of dissolved gas concentration in water [28] , it is pertinent to know (besides reactive N concentration) how much dissolved N 2 is in the studied water. 
Total N2aec Emission Model
For a given total dissolved N concentration in water, the ebullitive emission (Equation (6) if dissolved N concentrations < 1200 µmol•N•l −1 and Equation (7) if concentrations > 1200 µmol•N•l −1
) plus the diffusive emission (Equation (1) or (2)) results total N 2 aec emission ( Figure 3 ).
Actually, diffusive emissions were originally [12] plotted against dissolved NO 3 -N, which, for lack of more data on dissolved N, we assume roughly represents total dissolved N. The ready-to-use version of our model (Table 3) will be used while working through the five case studies.
Partition between Ebullitive and Diffusive N2aec Emissions
The ebullitive:diffusive partition ratio changes radically with increasing dis- In addition, ebullitive N 2 aec emission correlates significantly with CH 4 ebullitive emission (R = 0.96; P = 0.002; n = 11; data from Table A1 ; graph not shown) and CO 2 ebullitive emission (R = 0.94; P = 0.005; n = 11; data from Table A1; graph not shown), suggesting that the production of N 2 aec is associated with decomposition of organic matter.
Case Study Application
The following five case studies use the findings here reported to estimate N 2 aec emission across aquatic environments.
Case Study 1: The "Missing" Nitrogen
Approximately 50% of the net anthropogenic N input was unaccounted for in a watershed N budget, which included diffusive but not ebullitive emission [22] . 
Case Study 2: Nitrogen-Removal Rates
Nitrogen-removal rates were measured [30] with the membrane inlet mass spec-
trometry (MIMS) technique. Using the nitrate concentration data from Sugar
Creek and Iroquois River [30] and our model, we find: •h −1 (Table 4) was found, we estimated eight times higher rates 2319 to 2327 µmol•N•m −2
•h −1 (Table 4 ).
Case Study 3: Nitrogen Budget
Estimation of total annual N 2 emitted and N buried in a subtropical river reser- •d −1 [32] and that the Redfield ratio 6.625 (106 C:16 N) roughly holds, we estimate sedimentation rate is: 
In addition, annual buried N is: 
Case Study 4: N2 Emission Estimation
The Jiulong River is a large agricultural river in southeast China. We use N concentration data (Table 6) •h −1 (Table 6) , is similar to 14.06 estimated by co-workers (in Reference [33] 's Table 3 ).
Case Study 5: Comparison between Denitrification Rates (Median and Interquartile) Measured on the Elbe River with Rates Predicted by Our Model
Elbe River denitrification rates were obtained by measuring dissolved N 2 "super-saturation" (measured dissolved N 2 minus equilibrium dissolved N 2 ) and Table 3 . Atmospheric and Climate Sciences using varying reaeration-rate coefficient gas exchange equations [34] . Comparison shows:
1) The decreasing N 2 emission tendency from upstream (Reach A) to downstream (Reach C) is observed in both works, here and [34] , (Table 7) . 
Discussion
To the best of our knowledge, this is the first work to report N 2 aec in ebullitive emission samples using Ar as a tracer of environmental N 2 . Furthermore, this approach can be used to quantify ebullitive N 2 aec in bubbles sampled elsewhere (Table 8 and Table 9 ).
Using a different analytical approach-headspace equilibration-gaseous N 2 :Ar in the collected bubbles at sites from South Platte River within 81 km of Denver (Colorado, USA) were quantified [35] . The collected bubbles were injected into a vial containing 40 ml of N 2 -saturated water and shaken for 1 minute. Dissolved were used to back-calculate gas concentrations in the collected bubbles. The N 2 aec-possibly denitrified N 2 in fact-in those bubbles ranged from 0% to 13.9% (Table 9 ).
The rate of increase of total N 2 aec emission weakens with dissolved N con- (Table 3 ) to 1.797 (Table 3) to 0.4315 (Table 3) . The denitrification (a source of N 2 aec) model from co-workers also points to a decrease in denitrification capability of streams with increasing nitrate loads: "higher loading rates stimulate 3 NO − uptake and denitrification, but yield an associate disproportionate increase in downstream 3 NO − export to receiving waters" [38] .
While it is possible that the N 2 gas in bubbles is due to "excess air" from groundwater recharge, the fact that the ratio N:Ar in this "excess air" is close to that in the atmosphere [39] Table 3 . The result is divided by 71.4. Table 8 . Columns "Site", "% O 2 +Ar" and "% N 2 " are from reference [27] . There it is stated that 5% of the O 2 +Ar mixture is Ar (calculated in the "% Ar" column). Assuming environmental concentrations 78% N 2 and 0.93% Ar, we used Ar as a tracer of environmental N 2 to calculate the concentration (%) of N 2 aec (possibly denitrified N 2 ) in bubbles (results in "% N 2 aec-N" column). Example of calculation (using data from line 1, Site DC): 5.40 = 7.5 − (0.025%Ar × 78%N 2 /0.93%Ar). We assumed negative values indicated zero N 2 aec in bubbles (see Table A1 header). Median (24.12) was not changed by including negative (rather than zero) value observed in site CLB. , rather than zero) as shown in Table A1 , indicating that in the six rivers here studied N production would exceed N fixation. Excess N 2 was also found in most bubble samples collected in the White Oak River estuary USA (Table 8) and South Platte River USA (Table 9 ).
E. Sikar et al.
DOI: 10.4236/acs.2019.91001 Table 9 . Columns "Site", "Distance" and "Gaseous N 2 :Ar" were copied form Reference [35] . Sites are situated on South Platte River downstream from the point of discharge from the largest wastewater treatment plant from Denver, serving 1.3 million people. Concentration of N 2 aec was calculated using environmental ratio 78% Synthetically stirred bubbles from bubble-enriched sediment sites [27] showed higher median concentration (24.1 % N 2 aec-N, n = 14, Table 8 ) of N 2 aec than ours (5.75 % N 2 aec-N, n = 112, data from Table A1 ) and, than the median (7.51 % N 2 aec-N, n = 8, Table 9 ) for naturally emerging bubbles from a high nutrient segment of South Platte River. The relatively small median (5.75%) obtained here could be due to partial bubble dissolution during the diel harvest, or greater variety of sampled aquatic environments.
The significant rates of ebullitive gas water-air emission from the heavily urbanized stretches of Pinheiros and Tietê rivers here observed support the finding that urban streams and rivers should be included in river nitrogen cycling models [40] .
Bubble occurrence in the eyes and inwards of fish [41] is a condition known as "gas bubble disease" also referred to as "gas bubble trauma". This can possibly be explained by super saturation levels of dissolved N concentration (>~250 µmol•l −1 ) because this favors excessive bubble formation while promoting the ebullitive escape discussed here.
Conclusions
In were the main gases of interest at the time) were carefully done, the Ar concentration in the ebullitive emission sample hinges on a statement, i.e. that 5% of the "O 2 " peak is Ar. Here, there is margin for refinement because the Ar concentration in each ebullitive emission sample can easily be done chromatographically, using O 2 as a carrier gas, with the precision required for this work.
As dissolved N is a predictor of N 2 aec emission, denitrified N 2 emission models would benefit from data of simultaneous measurements of total dissolved N concentration (NH 4 
